Abstract LMX1A and LMX1B encode two closely related members of the LIM homeobox family of transcription factors. These genes play significant, and frequently overlapping, roles in the development of many structures in the nervous system, including the cerebellum, hindbrain, spinal cord roof plate, sensory systems and dopaminergic midbrain neurons. Little is known about the cis-acting regulatory elements (REs) that dictate their temporal and spatial expression or about the regulatory landscape surrounding them. The availability of comparative sequence data and the advent of genomic technologies such as ChIP-seq have revolutionized our capacity to identify regulatory sequences like enhancers. Despite this wealth of data, the vast majority of loci lack any significant in vivo functional exploration of their non-coding regions. We have completed a significant functional screen of conserved non-coding sequences (putative REs) scattered across these critical human loci, assaying the temporal and spatial control using zebrafish transgenesis. We first identify and describe the LMX1A paralogs lmx1a and lmx1a-like, comparing their expression during embryogenesis with that in mammals, along with lmx1ba and lmx1bb genes. Consistent with their prominent neuronal expression, 47/71 sequences selected within and flanking LMX1A and LMX1B exert spatial control of reporter expression in the central nervous system (CNS) of mosaic zebrafish embryos. Upon germline transmission, we identify CNS reporter expression in multiple independent founders for 22 constructs (LMX1A, n = 17; LMX1B, n = 5). The identified enhancers display significant overlap in their spatial control and represent only a fraction of the conserved non-coding sequences at these critical genes. Our data reveal the abundance of regulatory instruction located near these developmentally important genes.
Introduction
LMX1A and LMX1B encode closely related transcription factors (TFs) that contain LIM-homeodomain (LIM-HD) motifs. They play pivotal roles during nervous system development, specifically in neural tube regionalization, the extension of axonal projections and the acquisition of neurotransmitter phenotypes (Dai et al. 2009; Hobert and Westphal 2000; Shirasaki and Pfaff 2002) . Despite their clinical and developmental importance and the significant inquiry that these LMX1 genes have been subject to, relatively little is known about the sequences that establish the genomic regulatory landscapes required to execute their developmental programs. We set out to provide a significant, though incomplete, characterization of the cis-regulatory landscape of the LMX1A and LMX1B gene intervals by identifying elements that display CNS regulatory control. Such CNS enhancers are considered candidates for LMX1A and LMX1B transcriptional control and thus also may contain variation therein that could compromise their function and underlie disease risk.
Both LMX1A and LMX1B are involved in hindbrain and spinal cord roof plate formation and in directing the development of midbrain dopaminergic (DA) neurons (Mishima et al. 2009; Nakatani et al. 2010; Yan et al. 2011) . LMX1A is an essential regulator of neuronal proliferation and differentiation in the cerebellar rhombic lip and telencephalic cortical hem (Mishima et al. 2009; Chizhikov et al. 2010 ). In addition, LMX1B plays a role in formation and function of the isthmic organizer (IsO), which directs the establishment of midbrain and hindbrain regional identities (Adams et al. 2000; Guo et al. 2007 ). It has also been shown to be necessary for serotonergic neuronal specification (Ding et al. 2003) . Studies in mice first established the impact of Lmx1b deficiency, and lead to the demonstration that LMX1B mutations were responsible for human nail patella syndrome (Chen et al. 2003; Vollrath et al. 1998) . Similarly, Lmx1a mutations were initially described in mouse neurological mutant dreher, which displays defects in cerebellar, hippocampal, and cortical development, as well as hindbrain roof plate malformations, short tail and deafness consistent with the patterns of its embryonic expression (Millonig et al. 2000; Failli et al. 2002) .
Instructions encrypted within transcriptional regulatory elements (REs) such as enhancers instruct cell fate determination, and render cells transcriptionally competent to respond to their environment (Noonan and McCallion 2011) . Although regulatory variation is expected to contribute significantly to disease risk (Kleinjan and Coutinho 2009; Visel et al. 2009; Maurano et al. 2012) , REs, unlike coding sequences, lack an established vocabulary to facilitate their immediate recognition in primary sequence. The recent emergence of chromatin immune precipitation (ChIP)-based strategies coupled to next generation sequencing (ChIP-seq) has facilitated the identification of REs in a sequence agnostic manner. However, these approaches may not be well suited to comprehensive analyses of single genes, particularly those with pleiotropic expression in discrete cell populations that cannot be obtained in sufficient numbers. In situations such as this, evolutionary sequence conservation still provides a powerful tool for the identification of functional sequences, and although conservation alone is unable to discern the biological roles of sequences, one can, through functional analyses, reveal REs with a wide range of regulatory control (Noonan and McCallion 2011) . When available, sequence intervals may be cross-referenced with pertinent ChIP-seq/ DNase-seq data to provide additional evidence of regulatory activity and help predict cell-type-dependent activity.
We selected 71 human, conserved non-coding DNA regions at LMX1A and LMX1B for preliminary functional evaluation using transgenesis in zebrafish. Of these sequences, 47 (66 %) directed reporter expression in the central nervous system (CNS) of mosaic G0 embryos. We identified multiple independent founders for 22/45 enhancers at LMX1A (n = 17) and LMX1B (n = 5). Each directs expression in aspects of the developing nervous system of zebrafish embryos, consistent with expression of their respective endogenous genes. All 22 enhancers directed reporter expression in the CNS. A subset of these enhancers direct expression in the diencephalon, the cerebellum and at the midbrain-hindbrain (Mb-Hb) boundary, consistent with the critical role of LMX1 factors in the development of hindbrain roof plate and IsO formation. Many also direct expression in the peripheral nervous system (14/22) and non-neuronal tissues such as the otic vesicles, cartilage, pronephros, and muscles. This study adds significantly to the number of enhancer elements identified at LMX1A and LMX1B, but perhaps more importantly, it reveals that the complexity of regulatory control can exist at individual loci.
Results
Evolutionary conservation facilitates identification of zebrafish lmx1a and lmx1b genes Evaluation of putative LMX1A and LMX1B regulatory sequences in a zebrafish model is aided by an appreciation of the spatial expression of their teleost paralogs. Thus, we first set out to identify zebrafish LMX1A and LMX1B paralogs. Approximately 30 % of the gene content of Danio rerio remains duplicated subsequent to an ancient genome duplication event in the teleost fish lineage (Amores et al. 1998 ). The zebrafish genome contains two identified LMX1B paralogs (lmx1ba and lmx1bb). However, only one LMX1A paralog (lmx1a) had been identified in the zebrafish genome at the time of these experiments (http://www.ensembl.org/Danio_rerio/Gene/Summary?g= ENSDARG00000020354;r=20:33946947-33964868, Zv9). We performed a BLASTP query of the zebrafish peptide database in GenBank using the human LMX1A RNA sequence (NM_001174069.1) and identified another potential paralog previously annotated with 'predicted' status (LIM homeobox transcription factor 1-alpha-like, XP_001922131.3). LMX1A displays 66 % identity to LMX1B at the amino acid level, and is 58 and 59 % identical to zebrafish Lmx1a and Lmx1a-like, respectively. LMX1B paralogs are even more similar; Lmx1ba is 72 % identical and Lmx1bb is 82 % identical to the human LMX1B protein sequence (NP_001167617.1). Figure S1 provides a phylogram illustrating the similarity among the amino acid sequences that encode LMX1A, LMX1B and their zebrafish paralogs. The paralogs of LMX1A cluster together, but in a distinct node from their human counterpart. By contrast, LMX1B shares a common node with its zebrafish paralogs.
Zebrafish lmx1 genes are expressed throughout the central nervous system
We performed whole mount in situ hybridizations (ISH) to document the spatial and temporal expression patterns of the endogenous lmx1a, lmx1a-like, lmx1ba, and lmx1bb genes, and to determine the level of similarity to the published expression of their mammalian orthologs in mice. Aspects of the early developmental expression of lmx1ba and lmx1bb (formerly called lmx1b.2 and lmxb.1, respectively) have been previously described (O'Hara et al. 2005; Cheng et al. 2007; Elsen et al. 2008; McMahon et al. 2009; Filippi et al. 2010 ). We present their analysis here to facilitate comparison with expression of lmx1a and lmx1a-like. lmx1a expression in the CNS was diffuse, broadly overlapping and extending beyond lmx1ba and lmx1bb expression domains (Fig. 1) . We detected transcript from lmx1a throughout the brain, including the diencephalon and telencephalon, at both 48 hours post fertilization (hpf) and 72 hpf. In addition, we detected more localized signal corresponding to lmx1a in the ventral diencephalon, raphe nuclei and otic vesicles at both time points, and at 72 hpf saw specific labeling of the cranial ganglia ( Fig. 1a-d) . By contrast, lmx1a-like expression was regionally restricted, with distinct labeling of the epiphysis, ventral diencephalon, rhombic lip, and raphe nuclei, closely resembling expression of lmx1ba ( Fig. 1e-l) .
We detected expression of lmx1a-like in the anterio-dorsolateral hindbrain and in the ventro-midline, corresponding with the cerebellar rhombic lip and serotonergic raphe nuclei, respectively ( Fig. 1e-h ). Both lmx1a and lmx1a-like appear to be more highly expressed in the anterior raphe nuclei at 48 hpf (Fig. 1a, b , e, f), while both lmx1b transcripts are detected approximately equally in both raphe nuclei populations (Fig. 1i, j, l, m) . These data are consistent with both Lmx1a and Lmx1b mammalian counterparts, which are also expressed in the developing cerebellum and serotonergic neurons. Lmx1a-like has very little dorsal hindbrain expression at 48 hpf, but by 72 hpf, transcripts are detected strongly in the posterior dorsal hindbrain (Fig. 1g, h ). This pattern is unique to lmx1a-like while some expression domains overlap expression of lmx1ba and lmx1bb in the ventral diencephalon, rhombic lip, serotonergic raphe nuclei and faintly in the otic vesicles (Fig. 1i , j, m, n) (Cheng et al. 2007; Filippi et al. 2010) . Notably, strong expression is seen for all transcripts in the ventral diencephalon through 72 hpf, the area where main clusters of DA neurons are formed, consistent with their role in the induction of midbrain DA neurons (Mishima et al. 2009; Yan et al. 2011) .
The patterns of expression are similar between lmx1ba and lmx1bb with common domains in the ventral diencephalon, raphe nuclei, rhombic lip, and dorsal hindbrain, as well as the amacrine neurons of the retina at 72 hpf ( Fig. 1i-p) . Lmx1bb, and to a lesser extent lmx1ba, show additional expression in the dorsal diencephalon that is not seen for the lmx1a transcripts ( Fig. 1i-p) . Overall, lmx1bb shows broader domains of expression than lmx1ba throughout the CNS; however, lmx1ba transcript is also unexpectedly detected in the heart ( Fig. 1i-l ). All probes were designed to exclude the potential for cross-hybridization with other lmx1 family members, and with other unrelated transcripts (Methods).
Selection of non-coding sequences at human LMX1A and LMX1B genomic loci
The human LMX1A gene comprises seven exons, encompassing 154 kb on chromosome 1q24 and is flanked by PBX1 and RXRG (Fig. 2a) . LMX1B includes eight exons that encompass 112 kb of chromosome 9q33.3 and is flanked by FAM125B and ZBTB43 (Fig. 2b) . Candidate intervals for functional analysis were selected from the sequence contained between their respective flanking genes, therefore providing LMX1A and LMX1B regions of 554 kb and 298 kb, respectively. Although this search space was not exhaustively explored, we prioritized conserved non-coding sequences for assay using genomic evolutionary rate profiling (GERP) (Cooper et al. 2005) , successfully PCR amplifying 71 non-coding DNA sequence intervals (see Methods; 43 sequences at LMX1A and 28 at LMX1B). The putative REs were cloned into pGWcfos: EGFP (Fisher et al. 2006a, b) and injected into fertilized zebrafish embryos. All zebrafish embryos showing mosaic EGFP reporter expression [33 LMX1A (77 %) and 14 LMX1B (50 %) elements] were separated to be raised for germline transmission analysis.
Assayed sequences display LMX1A and LMX1B-appropriate neuronal enhancer activities Of the assayed sequences, 37 displayed reporter expression in the CNS upon passage through the germline. We identified two or more founders with concordant expression in 22/37 (59 %) of these sequences (LMX1A, n = 17 and LMX1B, n = 5). Those lines, for which we were unable to identify multiple founders, in general suffered from poor survival and fecundity. Those elements were therefore most often excluded, not because of divergent expression patterns but due to the inability to obtain a sufficient number of fertilized embryos. All 22 sequences displayed spatial control in the CNS in a manner consistent with aspects of LMX1A (Failli et al. 2002) and LMX1B (Chen et al. 2003) and with endogenous zebrafish patterns of expression described above. This includes directing reporter expression within discrete regions of the diencephalon, telencephalon and hindbrain. In addition, we identify enhancers at LMX1A that display regulatory control of reporter expression resembling the more diffuse expression of lmx1a in the CNS (LMX1A_ -1.59). Consistent with their neuronal activity in our synthetic assay, the majority of endogenous sequence intervals corresponding to our assayed sequences display enrichment for histone 3 lysine 4 monomethylation (H3K4me1), a histone mark enriched at enhancers, in cultured neurospheres derived from human neuronal cells: NGED (neurosphere cultured cells, ganglionic eminence derived) and NCD (neurosphere cultured cells, cortex derived) (Fig. 2a-c ) (Bernstein et al. 2010) . Indeed, despite lacking a positive GERP alignment score, sequence LMX1A_36.74 displayed Fig. 1 In situ hybridization depicting the expression patterns of endogenous zebrafish LMX1A and LMX1B orthologs. Expression of lmx1a (a-d), lmx1a-like (e-h), lmx1ba (i-l) and lmx1bb (m-p) are shown, assayed at 48 hpf and 72 hpf. Am amacrine neurons, CG cranial ganglia, DD dorsal diencephalon, dHB dorsal hindbrain, Ep epiphysis, H heart, Hb hindbrain, Mb-Hb midbrain-hindbrain boundary, OV otic vesicle, RL rhombic lip, RNa anterior raphe nuclei, RNp posterior raphe nuclei, VD ventral diencephalon. Anterior is shown to the left in each panel strong H3K4me1 binding in both NGED and NCD cells and was also validated in our zebrafish assay.
Identification of LMX1A enhancers with telencephalic and diencephalic regulatory control Consistent with the endogenous expression of the mouse Lmx1a mammalian ortholog (Failli et al. 2002) , we identified many LMX1A enhancers displaying overlapping control in the telencephalon ( Fig. 3a-e ; Figure S2 and Table 1 ). Telencephalic expression displayed by these sequences is consistent with the function of LMX1 genes in cortical hem development (Fig. 3a-e) (Chizhikov et al. 2010; Adams et al. 2000; Guo et al. 2007 ). Telencephalic expression is also evident for the zebrafish lmx1a, although diffuse and not at significant levels (Fig. 1a-d) . This observation may thus reflect mammalian (LMX1A/Lmx1a) control alone in this structure. In addition, we identify multiple sequences at LMX1A that direct expression in the diencephalon (Fig. 3a, d-f ; Figure S2 and Table 1 ; e.g., LMX1A_238.85, LMX1A_ -36.74 and LMX1A_9.65). These populations may include portions of the catecholaminergic diencephalic cluster, consistent with the established role of Lmx1a in mouse catecholaminergic neurogenesis (Yan et al. 2011 ).
Many identified LMX1A and LMX1B enhancers display regulatory control at the midbrain/hindbrain boundary and in the hindbrain Multiple REs from both loci are able to drive expression in the midbrain-hindbrain boundary region that includes the IsO and anterior cerebellum (Fig. 4 , Figure S2 and Table 1 ; e.g., LMX1A_ -36.74, LMX1A_41.10, LMX1A_ 479.86, LMX1A_135.15, and LMX1B_ -79.84). These data corroborate with the role of mammalian LMX1 genes in IsO and cerebellum development and function (Adams et al. 2000; Guo et al. 2007 ). In addition, many assayed sequences directed expression in the hindbrain (Fig. 4 , Figure S2 and Table 1 ; e.g., LMX1A_475.57, LMX1A_238.85, LMX1A_5.34, LMX1A_ -1.59, and LMX1B_28.46), including the roof plate (LMX1A_102.3) and the spinal cord ( Figure S2 and Table 1 ; e.g., LMX1A_ -1.59, LMX1A_238.85, and LMX1B_28.46) consistent with the endogenous expression of their corresponding zebrafish paralogous transcripts.
LMX1 enhancers display regulatory control in peripheral neuronal as well as non-neuronal cell populations
We identified several LMX1A and LMX1B sequences that direct expression in the otic vesicle (Fig. 3b , Figure S2 and Table 1 ; e.g., LMX1A_ -36.74, LMX1A_92.33 and LMX1A_117.21, LMX1B_ -93.21), consistent with the expression of Lmx1a (Failli et al. 2002) . Furthermore, mice deficient in Lmx1a display abnormal ear development and deafness (Millonig et al. 2000; Huang et al. 2008) . Multiple lines display reporter expression in PNS structures, such as motor neurons ( Figure S2 and Table 1 ; LMX1A_238.85) or sympathetic chain ( Figure S2 and Table 1 ; e.g. LMX1A_475.57). In contrast to the largely neuronal roles of LMX1A and LMX1B, many identified enhancers also drive reporter expression in non-neuronal tissues such as the branchial arches (Table 1 , Fig. 3a -c, Figure S2 ), which correspond to documented mouse expression (Chen et al. 2003; Failli et al. 2002) . One LMX1B enhancer also displays expression in the heart (LMX1B_ -93.21) consistent with the endogenous expression of lmx1ba. The biological significance of this expression has not yet been determined but may, in part, correspond to the aortic arch neurons where expression of the catecholaminergic marker tyrosine hydroxylase has been previously reported (Wen et al. 2008 ).
Discussion
To better understand the regulatory landscape of LMX1A and LMX1B, we undertook a functional study of conserved, non-coding sequences (putative REs) at these loci, using zebrafish transgenesis. We first established the identity of two zebrafish paralogs for each human LMX1 gene. We then demonstrate that their endogenous expression closely resembles the previously characterized expression of their mammalian counterparts, including expression in the areas of presumptive catecholaminergic neurons, cerebellum, raphe nuclei and otic vesicles. Next, we used comparative sequence analyses to identify conserved, non-coding sequences at the human LMX1A and LMX1B loci successfully amplifying 71 putative REs for functional evaluation. Of these, 45 directed CNS reporter expression in mosaic zebrafish embryos. We further described the reporter expression of 22 sequences in stable transgenic lines (LMX1A, n = 17; LMX1B, n = 5). All 22 display consistent CNS enhancer function (n C 2 independent founders) that overlaps, at least in part, with the endogenous transcripts. The majority of these sequences display enrichment for H3K4me1, a modification known to be enriched at enhancers (Heintzman et al. 2007) , in cultured neurospheres (Bernstein et al. 2010) , consistent with their neuronal activity in our synthetic assay, and providing evidence supporting their likely cis-regulatory role in their endogenous context. The diencephalon, telencephalon and midbrain-hindbrain boundary were among the most common structures marked by reporter expression for REs identified at both loci (Fig. 3, Table 1 , Figure S2 ). Many enhancers similarly directed broad expression in the midbrain (Fig. 3, Table 1 , Figure S2 ) and more discrete expression in the hindbrain e.g., in single rhombomeres, area postrema (Fig. 4 , Table 1, Figure S2 ; LMX1B_-79.84) or hindbrain roof plate (Fig. 3, Table 1 , Figure S2 ; LMX1A_102.3). These sites of expression overlap known domains of Lmx1a and Lmx1b expression in mammals and teleosts.
The expression directed in the midbrain-hindbrain boundary, cerebellum and posterior rhombomeres is consistent with the important function of both LMX1A and LMX1B in the development of the cerebellum rhombic lip and hindbrain roof plate (Mishima et al. 2009; Chizhikov et al. 2010) . Furthermore, LMX1B is known to be instrumental for proper functioning of the IsO (Adams et al. 2000; Guo et al. 2007) . We speculate that the forebrain expression of LMX1A enhancers might reflect its role in early development of cortical hem in mammals.
Many sequences also direct expression in the PNS and some non-neuronal tissues, consistent with the endogenous expression of these TFs and their critical role in the differentiation and maintenance of a range of populations. The most common non-neuronal sites of reporter expression are in the otic vesicles, which is consistent with LMX1A/B biology (Millonig et al. 2000; Failli et al. 2002; Huang et al. 2008) . We also see some enhancers driving expression in the heart that may correspond to peripheral neuronal populations (Wen et al. 2008) .
Importantly, transgenic assays provide an approximation of how a regulatory sequence can behave in a model system and may not capture every nuance that the corresponding sequence may display in context. Furthermore, their correspondence to spatial expression of lmx1 genes does not definitively demonstrate their control (exclusive or shared with neighbors) of these genes. In particular, we recognize that aspects of CNS regulatory control displayed by enhancers isolated at LMX1A and LMX1B may also be equally considered consistent with flanking gene expression. In particular, expression of the zebrafish pbx1a paralog includes many domains that also show expression of lmx1a/lmx1a-like (Thisse et al. 2004) , including discrete expression in the telencephalon. Thus, firm conclusions regarding enhancer driven reporter expression and their direct relation to LMX1-expressing neuronal populations or those of their flanking genes will require additional experimental determination of possible physical interaction between enhancer and one or more cognate promoter.
Despite these caveats, these assays can and do provide significant insight into the biological relevance of assayed sequences.
When it comes to genome annotation, there is no satisfactory ''one size fits all'' approach. We demonstrate how a range of available data types may be integrated in the exploration of the genomic information content of sequence encompassing two critical human genes. This work describes the endogenous expression patterns of zebrafish LMX1A paralogs, identifies 22 previously unknown enhancers and sheds light on previously unknown transcriptional regulatory landscape at the LMX1A and LMX1B loci. If one accounts for the presence of additional conserved and/or histone-marked sequences in the genomic intervals under consideration, these enhancers may represent only a fraction of the conserved non-coding elements at these loci. We hypothesize that many enhancers may be required in combination to orchestrate regulatory control of these genes. The pleiotropy of neuronal subsets marked by these identified enhancers may highlight additional complexity in this regulatory control or reflect position effects. These data reinforce the value of targeted screens in the analysis of human disease loci integrating comparative sequence analysis, chromatin modifications and functional validation using zebrafish transgenesis in the identification of transcriptional regulatory sequences.
Methods

Fish maintenance
Zebrafish were kept and bred under standard conditions at 28.5°C (Westerfield 2000) . Embryos were staged and fixed at 48 and 72 hpf using 4 % paraformaldehyde (PFA) in phosphate-buffered saline (PBS; pH 7.2) as described elsewhere (Kimmel et al. 1995) . To better visualize in situ hybridization and EGFP reporter results, embryos were grown in 0.2 mM 1-phenyl-2-thiourea (Sigma) to inhibit pigment formation (Westerfield 2000) .
Whole mount in situ hybridization
Digoxigenin labeled riboprobes complementary to lmx1a, lmx1a-like, lmx1ba or lmx1bb mRNAs were generated by linearization of pCR II TOPO TA vectors containing partial ORFs of the genes (for probe sequences see Figure S3 ). Plasmids were linearized with EcoRV (New England Biolabs) and subsequently labeled riboprobes were transcribed using SP6 polymerase and the DIG RNA Labeling Kit (T7/SP6) (Roche). Probes were synthesized for 2 h at 37°C, followed by the addition of 1 ll of RNAse free DNAse I for DNA template digestion. Subsequently, probes were purified using SigmaSpin columns (SigmaAldrich). Whole mount in situ hybridization reactions were performed using 1:4,000 dilutions of rioboprobes at 70°C as previously described (Thisse et al. 1993 (Thisse et al. , 2003 --see http://zfin.org/zf_info/zfbook/chapt9/9.82.html for detailed protocol. Probe sequences were selected to avoid crosshybridization with lmx1 family members and unrelated transcripts using pairwise alignment of lmx1 transcripts to find unique stretches of mRNA. Sequences were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/ clustalo/). All probe sequences and corresponding oligonucleotides for their amplification are provided in supplemental data ( Figure S4 and S5 ).
Selection and amplification of human non-coding sequences
To select regions to test for potential enhancer activity, genomic intervals encompassing LMX1A and LMX1B loci were considered up to the neighboring genes, set as boundaries (LMX1A, chr1: 163, 082, 636, 974 bp; LMX1B, chr9: 128, 309, 607, 182 bp) . This study is not intended to be exhaustive. The genomic intervals encompassing these genes are very large. Thus, sequences were prioritized for selection based upon proximity to the LMX loci and conservation, but no ranking of conservation was applied. Consequently, this approach is likely to have identified only a subset of enhancers regulating LMX1A and LMX1B. Using Galaxy computational interface (Goecks et al. 2010) and UCSC genome browser, we chose conserved non-coding vertebrate elements with positive GERP alignment scores (Cooper et al. 2005) . The GERP algorithm identifies constrained sequences in genomic alignments by determining whether a paucity of substitutions exists at each point in an alignment compared to what one expects of the neutral rate of evolution. Selected intervals positioned\500 bp apart were merged into single amplicons. DNA region coordinates and primer sequences used for amplification are listed in table S2. Sequences were also selected to avoid clustering and are distributed across these loci (Fig. 1a) . Amplicons were PCR amplified from human genomic DNA, TA cloned into pCR8 (Invitrogen, USA) and then cloned using the Gateway system (Invitrogen, USA) into pGW_cfosEGFP as previously described (Fisher et al. 2006a, b) .
Embryo injection and analysis
EGFP reporter constructs were injected into AB background G0 embryos (n C 200) at the one-to two-cell stage with tol2 transposase as previously described (Fisher et al. 2006a, b) . Injected embryos were evaluated for EGFP expression between 24 and 72 hpf. As negative controls, EGFP reporter constructs containing only the cfos promoter were injected. Nonspecific expression from the cfos minimal promoter is occasionally observed in the myotome and no other nonspecific expression was detected (data not shown). Embryos showing consistent EGFP expression were selected and raised for further analysis when signal was observed in C10 % of injected embryos. Mosaic fish were subsequently crossed to identify those constructs that passed through the germline transmission, better facilitating spatial evaluation of corresponding EGFP expression. Instances where we do not report expression reflect failure to identify more than one founder transgenic line and not inconsistencies among multiple lines for a single construct. Re-injection and additional screening may help resolve the neuronal regulatory control of additional constructs we have generated at these loci but whose activities we do not report upon here. Embryos were imaged using a Carl Zeiss Lumar V12 Stereo microscope with AxioVision software (version 4.5).
Immunocytochemistry
Embryos were anesthetized with tricaine (10 lg/ml) in embryo medium (Westerfield 2000) and fixed in 4 % PFA in phosphate-buffered saline (PBS; pH 7.2) for 2 h. They were then rinsed four times in PBST (PBS/0.1 % Triton X-100), incubated in Proteinase K for 1 h at room temperature, washed 5 9 5 min in PBST, and incubated for 2 h in blocking solution [10 % goat serum, 1 % bovine serum albumin (BSA), in PBST]. Embryos were then incubated overnight at room temperature in primary antibody (anti-GFP, Invitrogen 1:2,000), rinsed 6 9 45 min in PBST 1 % goat serum, and incubated overnight at room temperature in secondary antibody (Alexa-Fluor, 488, Invitrogen 1:1,000). They were then rinsed 5 9 10 min in PBST and transferred to 50 % glycerol in PBS for imaging.
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